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Abstract

The Gulf of Cadiz is a tectonically active area of the European continental margin and characterised by a high abundance of mud
volcanoes, diapirs, pockmarks and carbonate chimneys. During the R/V SONNE expedition “GAP-Gibraltar Arc Processes (SO-
175)” in December 2003, several mud volcanoes were surveyed for gas seepage and associated microbial methane turnover. Pore water
analyses and methane oxidation measurements on sediment cores recovered from the centres of the mud volcanoes Captain Arutyunov,
Bonjardim, Ginsburg, Gemini and a newly discovered, mud volcano-like structure called “No Name” show that thermogenic methane
and associated higher hydrocarbons rising from deeper sediment strata are completely consumed within the seabed. The presence of a
distinct sulphate-methane transition zone (SMT) overlapping with high sulphide concentrations suggests that methane oxidation is med-
iated under anaerobic conditions with sulphate as the electron acceptor. Anaerobic oxidation of methane (AOM) and sulphate reduction
(SR) rates show maxima at the SMT, which was found between 20 and 200 cm below seafloor at the different mud volcanoes. In com-
parison to other methane seeps, AOM activity (<383 mmol m 2 year"!) and diffusive methane fluxes (<321 mmol m~2 year™!) in mud
volcano sediments of the Gulf of Cadiz are low to mid range. Corresponding lipid biomarker and 16S rDNA clone library analysis give
evidence that AOM is mediated by a mixed community of anaerobic methanotrophic archaea and associated sulphate reducing bacteria
(SRB) in the studied mud volcanoes. Little is known about the variability of methane fluxes in this environment. Carbonate crusts
littering the seafloor of mud volcanoes in the northern part of the Gulf of Cadiz had strongly '*C-depleted lipid signatures indicative
of higher seepage activities in the past. However, actual seafloor video observations showed only scarce traces of methane seepage
and associated biological processes at the seafloor. No active fluid or free gas escape to the hydrosphere was observed visually at any
of the surveyed mud volcanoes, and biogeochemical measurements indicate a complete methane consumption in the seafloor. Our
observations suggest that the emission of methane to the hydrosphere from the mud volcano structures studied here may be insignificant
at present.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction coupled to variations in atmospheric methane, are impor-
tant rationales of current biogeochemical research. Anthro-

Constraining global sources and sinks of the greenhouse pogenic sources as well as natural emission from wetlands
gas methane, and understanding the climate change  contribute significantly to the global emission of methane
to the atmosphere, but the role of the ocean in global meth-

ane fluxes is not well understood (Reeburgh, 1996; Judd
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and higher hydrocarbons (Dimitrov, 2002; Judd et al.,
2002; Dimitrov, 2003). Mud volcanism is caused by various
geological processes at continental margins such as tectonic
accretion and faulting, rapid burial of sediments and emis-
sion of gases and fluids. Such processes may lead to high
pore fluid pressures and sediment instabilities, and conse-
quently cause mud extrusions. Since subsurface muds and
shales of productive continental margins often contain
methane and other hydrocarbons of thermogenic and/or
microbial origin, mud flows can be accompanied by gas
expulsion (Milkov, 2000; Kopf, 2002; Charlou et al.,
2003; Somoza et al., 2003). Mud volcanoes (MVs) are
structurally diverse, ranging in shape from amorphous
mud pies to conical structures, and in size from a few
metres to kilometres in diametre, attaining heights of up
to a few 100 m (Dimitrov, 2002; Kopf, 2002). While there
are only 650-900 known terrestrial mud volcanoes (Kopf,
2003), global estimates for marine mud volcanoes range be-
tween 800 and 100,000 (Milkov, 2000; Dimitrov, 2002,
2003; Kopf, 2003; Milkov et al., 2003). It is unknown
how many of these submarine mud volcanoes are actively
emitting methane to the hydrosphere. As a result, global
estimates of methane emissions from these structures vary
considerably. Recent estimates suggest that terrestrial and
shallow water mud volcanoes contribute between 2.2 and
6 Tgyear ! of methane to the atmosphere (Dimitrov,
2003; Milkov et al., 2003) and that 27 Tg year ' of meth-
ane may escape from deep water mud volcanoes (Milkov
et al., 2003). Revised estimates of the total methane emis-
sion from MVs ranges between 35 and 45 Tg year ' (Eti-
ope and Milkov, 2004), 30 and 70 Tg year ' (Etiope and
Klusman, 2002), and—when using only known MVs and
correcting for size of the edifice—between 0.3 (Kopf,
2003) and 1.4 Tgyear ! (Kopf, 2002). Clearly, a better
understanding of mud volcano activity and methane turn-
over at these structures is needed, to evaluate the contribu-
tion of mud volcanism to the total annual methane
emission to the atmosphere (535 Tgyear !, Judd et al.,
2002).

The main sink for methane in the ocean is the anaerobic
oxidation of methane (AOM) with sulphate as the terminal
electron acceptor (Barnes and Goldberg, 1976; Reeburgh,
1976; Iversen and Jergensen, 1985; Hinrichs and Boetius,
2002; Nauhaus et al., 2002; Treude et al., 2003). This pro-
cess is mediated by archaea, operating most likely in coop-
eration with sulphate reducing bacteria (SRB) (Hinrichs
et al., 1999; Boetius et al., 2000; Orphan et al., 2001). So
far, two groups of anaerobic methanotrophic archaca
(ANME-1, ANME-2) have been identified (Hinrichs
et al., 1999; Boetius et al., 2000; Orphan et al., 2001;
Michaelis et al., 2002; Knittel et al., 2005). They usually oc-
cur together with SRB from a distinct, yet uncultivated
cluster within the Desulfosarcina/Desulfococcus group
(Seep-SRBI1; Kanittel et al., 2003). Generally, microbial
methane oxidation is characterised by a strong discrimina-
tion against the heavy, stable carbon isotope '*C, leading
to a significant depletion in the '*C-content of metabolites

and biomass (Reeburgh and Heggie, 1977; Whiticar et al.,
1986; Summons et al., 1994; Elvert et al., 1999; Thiel et al.,
1999; Whiticar, 1999; Orphan et al., 2001). Such conspicu-
ous isotope signatures of lipid biomarkers for the archaeal
and bacterial partners in AOM mediating communities
have been a main tool in studying the diversity and func-
tioning of cold seep ecosystems (Hinrichs et al., 1999; Pan-
cost et al., 2000; Elvert et al., 2001; Orphan et al., 2001;
Michaelis et al., 2002; Elvert et al., 2003; Blumenberg
et al., 2004; Elvert et al., 2005; Niemann et al., 2005). Ac-
tive mud volcanoes in the Mediterranean Sea, e.g. Napoli,
Amsterdam and Kazan (Pancost et al., 2000; Aloisi et al.,
2002; Haese et al., 2003; Werne et al., 2004); the Black
Sea, e.g. Dvurechenskii and Odessa (Bohrmann et al.,
2003; Stadnitskaia et al., 2005); and the Barents Sea, e.g.
Hakon Mosby (Vogt et al., 1997a,b; Damm and Budéus,
2003; De Beer et al., 2006) are characterised by steep gradi-
ents of pore water solutes due to upward fluid and gas flow
and high rates of AOM and sulphate reduction (SR). Sev-
eral of these geo-bio-systems were also found to support
enormous biomasses of chemosynthetic symbiotic tube-
worms and bivalves, which are fuelled by methane and/or
sulphide, and mats of giant sulphide oxidising bacteria,
(Southward et al., 1981; Fisher, 1990; Olu et al., 1997a;
Gebruk et al., 2003).

During the UNESCO program ‘“Training through Re-
search (TTR)” with R/V Prof. Logachev, numerous mud
volcanoes hosting methane-hydrate were discovered in
the Gulf of Cadiz (Kenyon et al., 2000; Gardner, 2001;
Kenyon et al., 2001; Mazurenko et al., 2002; Somoza
et al., 2002; Pinheiro et al., 2003). However, the geochem-
ical and microbiological activity of these potential seep
structures and the occurrence of methane emission to the
hydrosphere remained unknown. As part of the Gibraltar
Arch Project (GAP), we studied several mud volcanoes
with the aid of seafloor video imaging as well as video-
guided sampling of sediments and carbonate crusts during
a cruise with R/V Sonne in 2003 (SO-175). The main goals
of this investigation were to survey the occurrence of meth-
ane seepage at mud volcanoes in the Gulf of Cadiz, to com-
pare the distribution and magnitude of AOM by rate
measurements and diffusive flux calculations, as well as to
identify the key methanotrophs using lipid biomarker and
16S rDNA methods.

2. Materials and methods
2.1. Geological setting and videographic observations

The Gulf of Cadiz is located west of the Gibraltar Arc,
between Iberia and the African plate (Fig. 1). This area has
experienced a complex tectonic history with several epi-
sodes of extension, strike-slip and compression related to
the closure of the Tethys Ocean, the opening of the N-At-
lantic, and the African—Eurasian convergence since the
Cenozoic (Maldonado et al., 1999). During the Tortonian,
a large olistrostome body made of eroded material from
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Fig. 1. Bathymetric chart of the Gulf of Cadiz showing the locations of known mud volcanoes, diapirs and areas where carbonate chimneys and crusts

were discovered. The structures studied during the SO-175 expedition are

the Betic Cordillera (Spain) and Rif Massif (Morocco) was
emplaced west of the Straits of Gibraltar (Maldonado and
Comas, 1992; Somoza et al., 2003). Due to the ongoing
compression, these rapidly deposited sediments dewater
intensely and form MYVs and fluid escape structures
(Diaz-Del-Rio et al., 2003). The Gulf of Cadiz has been
intensely surveyed with geophysical tools, leading to the
discovery of the first MVs, mud diapirs and pockmarks
in 1999 (Kenyon et al.,, 2000; Gardner, 2001; Pinheiro
et al., 2003). In addition, an extensive field of mud volca-
noes and diapiric structures covered with carbonate chim-
neys and crusts was discovered along or in close
proximity of the main channels of the Mediterranean out-
flow water (Kenyon et al., 2000, 2001; Diaz-Del-Rio et al.,
2003; Somoza et al., 2003; Kopf et al., 2004).

In the present study, Captain Arutyunov (Capt. Arutyu-
nov), Bonjardim, Ginsburg, Gemini, Hesperides and Faro
MYV and a newly discovered structure termed “No Name™,
were investigated (Fig. 1, Table 1). Prior to biogeochemical
sampling, a few transects across the selected MVs were sur-
veyed with the video-sled Ocean Floor Observation System
(OFOS), or with a video-guided multiple-corer (MUC, Ta-
ble 1). Both systems are equipped with powerful lamps and
a video camera. Video observations were made from a ver-
tical perspective at ca. 1-2 m above the sea bottom to mon-
itor an area of approximately 1 m?. The systems were
passively towed at minimum speed (<1.84 km h™') along
2-3 transects of 1-3 km crossing the rim and apex of the
edifices with a total bottom observation time of approxi-

in bold face letters.

mately 8 h per mud volcano (Table 1, Kopf et al., 2004).
The video-guided MUC was also used to select representa-
tive sampling positions and to retrieve undisturbed surface
sediments (next section).

2.2. Sample collection and storage

Sediments from several mud volcanoes were sampled by
gravity coring in the central crater region (Table 1, Fig. 2),
retrieving up to 5 m of sediment. Additionally, surface sed-
iments of Capt. Arutyunov and Bonjardim MV were ob-
tained with a video-guided MUC because the top
decimetres of sediment cover are often lost during gravity
core retrieval. Video-guided MUC sampling enabled the
retrieval of undisturbed surface sediments of up to 50 cm
sediment depth. With this method, the seafloor can be ob-
served when the MUC is towed at minimum speed at about
1-2 m above bottom. The MUC is launched immediately
when targeted seafloor structures are observed. Compared
to the gravity core, MUC-cores contained a broader hori-
zon of hemipelagic surface sediments providing further evi-
dence for a loss of surface sediments during gravity coring.
To account for this loss, we aligned the depth of gravity
cores obtained from Capt. Arutyunov and Bonjardim
MYV according to the vertical sulphate profiles of MUC-
cores recovered from one site, assuming that sulphate con-
centrations are mainly a function of depth in proximate
cores. According to this procedure, the top of the gravity
cores recovered from Capt. Arutyunov and Bonjardim
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Table 1
Mud volcanoes investigated during the cruise SO-175

5339

Structure Relief [m] Diam. [km] Water depth [m] Device Core/Grab Lat. N Long. W Applied methods

CAMV 80 2.0 1315 MUC  GeoB 9036-2 35°39.72" 07°19.98 V, CH, SO,%", Coy, H,S,F,R, L, D
GC GeoB 9041-1  35°39.70'  07° 19.97 CHy, SO,>~, Ca4, H,S

Bonjardim 100 1.0 3090 MUC  GeoB 9051-1 35°27.72" 08°59.98 V, CHy SO,%", Coy, HoS, R, L
GC GeoB 9051-2  35°27.61'  09°00.03 CHy, SO,>~, Cp¢, HoS, F, R, L

Ginsburg 150 4.0 910 GC GeoB 9061-1  35°22.42" 07°05.29 V, CHy, SO,>", HsS, F

Gemini 200 49 435 GC GeoB 9067-1  35°16.92"  06° 4547 CHy, SO,*~, HsS, F

No Name 150 3.7 460 GC GeoB 9063-1  35°21.99' 06° 51.92” CHy, SO,*~, H,S, F

Hesperides 160 3.0 690 Grab GeoB 9023-1 36°10.73  07°18.39 V,L

Faro 190 2.6 810 Grab GeoB 9029-3  36° 05.68' 07°24.12 V,L

The water depth refers to the highest elevation of the mud volcanoes. V, video observations; CHy,
sulphate concentration measurements; C,, concentration measurements of higher hydrocarbons; F, diffusive methane and sulphate flux calcu-

SO,

methane concentration measurements;

lation; R, AOM and SR rate measurements; L, lipid analyses; D, DNA analysis.

a TwTT Captain
(s) [Arutyunov
mud volcano

GeoB9036-2
GeoB9041-1

Bathymetry [m]

b TWTT [Bonjardim

GeoB9053
(s) |mud volcano

GeoB9051-2

4.0
N

4.2

4.4 f

46

4.8

-3165

Bathymetry [m]

-3310

Fig. 2. Seismic images and 3D images of multibeam bathymetry of Captain Arutyunov (a) and Bonjardim mud volcano (b). Seismic images show the
central conduit below the mud volcanoes and sampling position of the cores recovered during the SO-175 expedition. Captain Arutyunov and Bonjardim
MYV are conical shaped structures with a relief of 80 and 100 m and a diametre of ca. 2 and 1 km, respectively. Colours denote the bathymetry (m below sea
surface). Seismic images were modified after Kenyon et al. (2001) (a) and Pinheiro et al. (2003) (b).

MV were from 40 to 12.5 cm sediment depth, respectively.
Aligning proximate core sections is an approach to
account for a loss of an unknown quantity of surface
sediments during gravity coring. However, this can be
problematic if the spatial variability of geochemical gradi-
ents is high.

Upon recovery, gravity cores were sectioned into 1 m
pieces, which were cut longitudinally into halves, just be-
fore sub sampling. All cores were immediately transferred

into a cold room and subsampled for concentration mea-
surements of pore water constituents (methane, sulphate,
sulphide), AOM and SR rate measurements as well as for
lipid biomarker and 16S rDNA analyses (Table 1). Sedi-
ments for measurements of methane and sulphate concen-
trations and turnover rate measurements were subsampled
vertically with push cores (acrylic core liners, 26 mm dia-
metre, n = 3) from MUC-cores (Jorgensen, 1978; Treude
et al., 2003). Gravity cores were subsampled by plugging
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glass tubes (60 mm length, 10 mm diametre, n =15) into
selected ca. 10cm wide sediment horizons (every 20—
30 cm). The tubes were then sealed with butyl rubber stop-
pers to prevent gas loss during the anaerobic incubation.
Sediment samples for pore water extraction, biomarker
and 16S rDNA analyses were collected from 2 cm sections
of MUC-cores and from ca. 10 cm wide sediment horizons
(every 20-30 cm) of gravity core sections. Directly after
subsampling, pore water from these sediment horizons
was extracted by pressure filtration (5 bars) through Teflon
squeezers provided with 0.2 um cellulose acetate filters
according to previous works (Reeburgh, 1967; Niewohner
et al., 1998; Hensen et al., 2003). Subsequently, the pore
water was immediately fixed (next section). Lipid and
DNA samples were stored in cleaned glass vials at
—20 °C until extraction in the home laboratory. Carbonate
crusts from Hesperides and Faro MV were collected with a
video-guided grab-sampler (Table 1). Because Hesperides
MYV consist of six individual cones, the grab sample was
taken from the apex of the highest (north-eastern) summit.
The grab-sampler allows to retrieve samples down to a
depth of ca. 0.5 m below seafloor (bsf). The videographic
observation and sampling procedure is similar to the tech-
nique used for video-guided coring as explained above.
Upon recovery, carbonate crusts for lipid biomarker anal-
yses were transferred into plastic bags and stored at —20 °C
until extraction.

2.3. Methane concentrations

Methane concentrations in sediments were determined
according to the “head space’ method from 5 ml sediment
fixed with 10 ml NaOH (2.5%, w/v) in glass vials (20 ml) as
described previously by Treude and co-workers (2003). A
vertical resolution of 2 cm was chosen for surface samples
from MUC-cores, and of 20-30 cm for subsurface samples
from gravity cores. The concentrations presented here are
ex situ methane concentrations. As a result of depressurisa-
tion and warming of the core during sediment retrieval,
concentrations above 1.4mM (saturation at 1 bar and
4 °C) would have led to degassing during retrieval and sed-
iment subsampling. Also, dissociation of gas hydrates upon
recovery may lead to biased methane concentrations in the
cores. We tried to minimise the problem by (a) subsampling
immediately after opening the core, and (b) subsampling of
deeper sediments below the longitudinal opening plane of
the gravity core with glass syringes. Methane concentra-
tions were determined shortly after the cruise (<2 month)
from 200 pl aliquots of the head space using a gas chro-
matograph (5890A, Hewlett Packard) equipped with a
packed stainless steal Porapak-Q column (6 ft., 0.125 in,
80/100 mesh, Agilent Technologies) and a flame ionisation
detector (Treude et al., 2003). The carrier gas was helium at
a flow rate of 30 ml min~'. The column temperature was
40 °C. The chromatography system was calibrated for a
concentration range of 0.001-5 mM methane (final concen-
tration in the sediment). Sediment samples from Capt.

Arutyunov and Bonjardim MV were additionally analysed
for the concentrations of the higher hydrocarbons (C,y)
ethane, propane, isobutene and butane (Xbutane) using
the above-described chromatography setting with a tem-
perature gradient. Subsequent to injection at 40 °C, the
temperature was increased at a rate of 2°Cmin~' to
200 °C and held for 20 min. Identity and concentrations
of methane and C,;-compounds were determined with
standards of known hydrocarbon compositions.

2.4. Sulphate and sulphide concentrations

Sulphate and sulphide concentrations were analysed
according to modified methods from Cline (1969) and
Small et al. (1975), respectively, as described elsewhere
(Grasshoff et al., 1983). Briefly, sulphide concentrations
were determined immediately after pore water squeezing
by adding 1 ml of pore water to 50 pul of a zinc acetate gel-
atine solution. Zinc acetate gelatine solution consists of
50 mg gelatine and 261 mg ZnAc dissolved in 25 ml O,-free
water. Sulphide was quantitatively removed as ZnS and
kept in colloidal solution. After adding 10ul of 4% N,N-di-
methyl-1,4-phenylenediamine-dihydrochloride dissolved in
6 N HCI (w/v), the concentration was determined photo-
metrically by measuring the absorbance after 1h at
670 nm. Sulphate concentrations were determined on 2 ml
subsamples of filtered pore water using a Sykam-S ion
chromatography system equipped with an anion exchange
column (LCA A14). 7.5 mM Na,COs-solution was used as
an eluent at a flow rate of 1.75 mlmin~'. Samples were
diluted by 1:54 with the eluent prior to injection. Sulphate
concentrations were determined with a Sykam S3110 con-
ductivity detector.

2.5. Diffusive flux calculations

Diffusive fluxes were calculated to compare areal rates of
AOM and SR, to estimate the activity of Ginsburg and
Gemini mud volcano as well as the No Name structure
and to compare the surveyed systems to other seeps in
the world oceans. This approach bears several problems,
namely potential artefacts in the ex situ concentrations of
porewater species due to degassing, the assumption of stea-
dy state in the porewater system, and the alignment of sed-
iment cores. At Bonjardim mud volcano, the alignment of
pore water profiles was discontinuous, while the resolution
of pore water gradients was not well resolved at Ginsburg
and Gemini mud volcano. Where possible, we determined
two concentration gradients: one from the aligned profile
and the other from the profile of the gravity core in order
to provide a possible range of the sulphate and sulphide
fluxes.

Local fluxes (J) were calculated from the vertical profiles
of pore water constituents (methane, sulphate, sulphide)
according to Fick’s first law of diffusion assuming steady
state conditions (e.g. Niewohner et al., 1998; Berner, 1980
and references therein):
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oC
J = _d)Dsg (1)

where D; is the diffusion coefficient in the sediments (in
cm? year '), ¢ the porosity (in %) and % the local concen-
tration gradient (in cm™%). % was determined from the
depth intervals where the concentration change was maxi-
mal. Dy was determined from the molecular diffusion coef-
ficient after Boudreau (1997)

C1-In(¢)’

For each mud volcano, D, values were corrected for tem-
perature (3—-12 °C, depending on the actual bottom water
temperature), resulting in values ranging between 291 to
392, 178 to 244 and 356 to 434 for methane, sulphate
and sulphide, respectively (Boudreau, 1997). ¢ was deter-
mined from the weight loss per volume of wet sediment
after drying to stable weight at 60 °C. In general, ¢ de-
creased with depth showing values of 57-76% in the top
sections and 51-60% in the bottom sections of the retrieved
MUC- and GC-cores (data shown for the SMT, Table 2).

(2)

S

2.6. Ex situ AOM and SR rate measurements

Sediment for turnover rate measurements recovered
from Capt. Arutyunov and Bonjardim MV were incubated
on board according to previously described methods
(Jorgensen, 1978; Treude et al., 2003; Treude et al.,
2005). Briefly, 25 ul "“CH, (dissolved in water, 2.5 kBq)
or 5ul ¥SO,*" tracer (dissolved in water, 50 kBq) were
injected into butyl rubber sealed glass tubes from gravity
core subsampling, and in 1 cm intervals into small push
cores (whole core injection) used for MUC-core subsam-
pling. Incubations were carried out for 24 h at in situ tem-
perature in the dark. Subsequently, incubated AOM and
SR rate samples were fixed in 25 ml NaOH (2.5%, w/v)
and 25 ml zinc acetate solution (20%, w/v), respectively.
Further processing of AOM and SR rate samples was per-
formed according to Treude et al. (2003) and references
therein. Turnover rates were calculated according to the
following formulas:

Table 2

4CO, conc. CH,
AOM = 3
© 14CH, + “CO, " Incubat, Time (3)
35 2
SRR — TRI>’S conc. SO, @)

3380,%~ + TRI*S * incubat. Time

Here, '*CO,, *S0O,2~ and TRI*’S are the activities (Bq) of
carbon dioxide, sulphate and total reduced sulphur species,
respectively, whereas conc. CHy and conc. SO,* are the
concentrations of methane and sulphate (per volume of
fresh sediment) at the beginning of the incubation. To com-
pare ex situ microbial rates with the diffusive fluxes of
methane and sulphate, AOM and SR rates were integrated
over depth (0-80 cm below seafloor) from the alignments
of cores 9036-2 and 9041-4 as well as 9051-1 and 9051-2,
respectively. Ex situ rate measurements may differ from
in situ rates due to the effect of depressurisation on concen-
trations of gaseous and dissolved components.

2.7. Extraction of sediment and carbonate samples and
preparation of derivates

Sediments from Capt. Arutyunov and Bonjardim MV as
well as carbonate crusts from Hesperides and Faro MV
were analysed for lipid biomarker signatures. The extrac-
tion procedure and preparation of fatty acid methyl esters
(FAMES) was carried out according to previously de-
scribed methods (Gillian et al., 1981; Elvert et al., 2003;
Niemann et al., 2005). Briefly, total lipid extracts (TLE)
were obtained from ca. 20 g of wet sediment and from
authigenic carbonates disintegrated with HCL (2 M) prior
to extraction. The TLE was extracted by subsequent ultra-
sonication using organic solvents of decreasing polarity
(dichloromethane/methanol (1:2, v/v), dichloromethane/
methanol (2:1 v/v), dichloromethane). Internal standards
of known concentration and carbon isotopic compositions
were added prior to extraction. Fatty acid moieties present
in glyco and phospholipids were cleaved by saponification
with methanolic KOH-solution. After extraction of the
neutral lipid fraction from this mixture, fatty acids (FAs)
were methylated with BF; in methanol yielding FAMES.
Double bond positions of monoenoic FAs were determined

Concentrations gradients, diffusive fluxes and ex situ AOM and SR rates integrated over depth

Structure Core GeoB  Porosity [%] Conc. gradient

Diffusive fluxes Microbial turnover

[umol cm ™) [mmol m~2 year™!] [mmol m~2 year™!]
CH; SO, Sulphide CH; 2SO,*" >Sulphide AOM SR
Capt. Arutyunov ~ 9036-2 56 040 —1.12 0.63 407 708 702 383 577
Bonjardim 9051-2 58 0.09 —0.76, —1.67* 0.23, 0.73* (—0.07) 76 388, 867% 299, 795% 36 690
Ginsburg 9061-1 60 0.05 —0.92 (0.35) 0.32 (—0.15) 55 852 565
Gemini 9067-1 56 0.02 —-0.61 0.12 (—0.09) 21 388 272
No Name 9063-1 57 0.03 —0.11 0.04 (—0.06) 29 74 108

A negative concentration gradient indicates downward directed flux; a positive value indicates upward flux. Flux values are given without algebraic signs.
* and I denote gradients and total sulphate fluxes determined from aligning multiple- and gravity cores. Gradients in brackets indicate upward diffusing

sulphate and downward diffusing sulphide, respectively.
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by analysis of dimethyl disulphide adducts according to
methods described elsewhere (Nichols et al., 1986; Moss
and Lambertfair, 1989).

Neutral lipids were further separated into hydrocarbons,
ketones and alcohols on a SPE silica glass cartridge (0.5 g
packing) with solvents of increasing polarity (n-hexane/di-
chloromethane (95:5, v/v), n-hexane/dichloromethane (2:1,
v/v), dichloromethane/acetone (9:1, v/v)) (Niemann et al.,
2005). Alcohols were derivatised with bis(trimethylsilyl)tri-
flouracetamid (BSTFA) forming trimethylsilyl (TMS)
ethers prior to analyses.

2.8. Gas chromatography

Concentrations of single lipid compounds were deter-
mined by gas chromatography analysis using a Varian
30 m apolar CP-Sil 8 CB fused silica capillary (0.25 mm
internal diametre [ID], film thickness 0.25 pm) in a Hewlett
Packard 6890 Series gas chromatograph equipped with an
on column injector and a flame ionisation detector. Initial
oven temperature was 80 °C. Subsequently to injection, the
initial temperature was increased to 130 °C at a rate of
20°Cmin~!, then raised to 320°C at a rate of
4 °C min~'and held at 320 °C for 30 min. The carrier was
helium at a constant flow of 2ml min~' and the detector
temperature was set to 310 °C. Concentrations were calcu-
lated relative to internal standards present within the
respective lipid fraction.

2.9. Gas chromatography-mass spectrometry (GC-MS),
gas chromatography-isotope ratio mass spectrometry
(GC-IRMS)

Identity and stable carbon isotope ratios of individual
compounds were determined by GC-MS and GC-IRMS
analysis, respectively. Instrument specifications and opera-
tion modes of the GC-MS and GC-IRMS units were set
according to Elvert et al. (2003). Identities of acquired mass
spectra were compared to known standards and published
data. Stable isotope ratios are given in the J-notation
against Pee Dee Belemnite. 5'*C-values of FAs and alco-
hols were corrected for the introduction of additional car-
bon atoms during derivatisation. Internal standards were
used to monitor precision and reproducibility during mea-
surements. Reported 8'*C-values have an analytical error
of £19%,.

2.10. DNA extraction and clone library construction

Total community DNA was extracted from sediments
(ca. 1 g) collected from the SMT of Capt. Arutyunov MV
(3040 cm) using the FastDNA spin kit for soil (Q-Bio-
gene, Irvine, California, USA). Samples were bead-beat
in a Fastprep machine (Q-Biogene, Irvine, California,
USA) at speed 4.5 for 30s. All other steps in the DNA
extraction procedure were preformed according to the
manufacturer’s recommendations. Almost full-length

archaeal and bacterial 16S rRNA genes were amplified
from sediments samples using the primers 20f (Massana
et al., 1997) and Unil392R (Lane et al., 1985) for Archaea
and GM3F (Muyzer et al., 1995) and GM4R (Kane et al.,
1993) for Bacteria. Polymerase chain reactions (PCRs)
were performed with TaKaRa Ex Tag (TaKaRa, Otsu Ja-
pan), using 2.5 U of enzyme, 1x Buffer, 4 mM of MgCl,,
4 mM of each dNTP, 1 pM of each primer and 2 pl of tem-
plate in a 50 pl reaction. PCRs were preformed in a Mas-
tercycler machine (Eppendorf, Hamburg, Germany), with
the following cycling conditions: 95 °C for 2 min, then 30
cycles of 95 °C for 30 s, 60 °C (Archaea) or 50 °C (Bacteria)
for 30 s and 72 °C for 3 min, followed by a final incubation
step at 72 °C for 10 min. PCR products were visualised on
an agarose gel, and the 16S band excised. PCR products
were purified using the QIAquick Gel Extraction Kit (Qia-
gen, Hilden, Germany). Two microliters of purified DNA
were ligated in the pGEM T-Easy vector (Promega, Mad-
ison, WI) and transformed into competent E. coli TOP10
cells (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s recommendations. Transformation reactions were
plated on LB-agarose plates. Overnight cultures were pre-
pared from individual colonies picked from these plates
using the Montage Plasmid Miniprep 96 kit (Millipore,
Billerica, USA). Purified plasmids were sequenced in one
direction, with either the 958R (Archaea) or GM1F (Bacte-
ria) primers using the BigDye Terminator v3.0 Cycle
Sequencing kit (Applied Biosystems, Foster City, USA).
Samples were sequenced on an Applied Biosystems 3100
Genetic Analyser (Foster City, USA). A total of 39 archa-
eal and 47 bacterial clones were partially sequenced
(~0.5 kb). Using the ARB software package, the sequences
were calculated into existing phylogentic trees by parsimo-
ny without allowing a change in the tree topology. Repre-
sentative sequences of each cluster were then fully
sequenced (~1.3 kb) and matched against the NCBI data-
base (http://www.ncbi.nlm.nih.gov/BLAST). Sequences
were submitted to the Genbank database (http://
www.ncbi.nlm.nih.gov/) and are accessible under the fol-
lowing Accession Nos.: DQ004661-DQ004676 and
DQ004678-DQ004680.

3. Results
3.1. Field observations

A detailed description of seafloor video observations,
sedimentology and sampling locations is provided in the
cruise report of R/V SONNE expedition SO-175 (Kopf
et al., 2004). The mud volcanoes Capt. Arutyunov, Bonjar-
dim, Ginsburg, Gemini, and Faro studied here are cone
shaped structures with a relief of up to 200 m and a maxi-
mum diametre of 4.9 km (Fig. 2a, b; Table 1). Hesperides
MYV has comparable dimensions but is composed of six
individual cones. A new structure was discovered east of
the TTR MV and termed “No Name” (Fig. 1). Video
observations of the mud volcanoes Capt. Arutyunov, Bon-
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jardim, Ginsburg, Hesperides, and Faro did not reveal
indications for recent gas, fluid or mud expulsion during
the transects across the central craters of each structure.
The centres of Capt. Arutyunov, Bonjardim and Ginsburg
MV were covered with light beige sediments (shown for
Capt. Arutyunov MV, Fig. 3a). At Capt. Arutyunov
MYV, some sediment stretches were scattered with accre-
tions, interpreted as mud clasts, which may indicate past
mud eruptions (Fig. 3b). At Ginsburg MV, a few small car-
bonate crusts (<0.5 m) were observed on the seafloor. Be-
side these observations, no other distinctive geological or
biological features indicating gas or fluid seepage were vis-
ible on video images at Ginsburg MV. Surface sediments
recovered from Capt. Arutyunov MV contained very thin
tubeworms (diametre <1 mm), which extended down to
20 cm into the sediment. These were not visible on video
images due to their low abundance and small diametre.
Tubeworms are regarded as indicator species for reduced
environments because the known species harbour methane
or sulphide oxidising symbionts, indicating sulphide and/or
methane availability in the sediments (Southward et al.,
1981, 1986; Schmaljohann and Flugel, 1987; Sibuet and
Olu, 1998; Kimura et al., 2003; Southward et al., 2005).
The central areas of Hesperides and Faro MV were littered
with fragments of carbonate chimneys and carbonate
crusts (shown for Hesperides MV, Fig. 3c). Both, chimneys
and crusts were ranging in size from several centimetres to
metres in length and diametre, respectively. At Faro MV, a
few, small patches covered with microbial mats possibly
consisting of filamentous sulphide oxidising bacteria were

observed (Fig. 3d). Moreover, TV-guided grab samples
recovered from this MV also contained a few specimens
of the deep-dwelling chemosynthetic clam Acharax sp. usu-
ally harbouring sulphide oxidising bacteria in their gills
(Felbeck, 1983; Krueger and Cavanaugh, 1997; Peek
et al., 1998; Sibuet and Olu, 1998). Video observations were
not carried out at Gemini MV and the “No Name”
structure.

The MUC-cores retrieved from Capt. Arutyunov and
Bonjardim MV contained yellowish, muddy sediments in
the top sections from 0 to 20 and 0 to 40 cm bsf, respective-
ly. The bottom sections of the MUC-cores contained mud
breccia, a mud matrix with clasts extruded from greater
depth below these edifices (Cita et al., 1981; Akhmanov
and Woodside, 1998). The gravity cores retrieved from
these MVs as well as those retrieved from Ginsburg and
Gemini also contained mud breccia. The gravity core
recovered from the “No Name” structure contained a ma-
trix of cold water coral fragments and greyish mud but no
mud breccia. Hence, the relation of the “No Name” geo-
structure to mud volcanism remains unknown. Grab sam-
ples from Hesperides and Faro MV contained carbonate
fragments and mud breccia. After recovery, the tempera-
ture in the top sediment section (~1m) at Bonjardim
MYV was ca. 3 °C. In contrast, the temperature was consid-
erably higher at Capt. Arutyunov (12 °C), Ginsburg MV,
Gemini MV and the “No Name” structure (10 °C, respec-
tively) most probably as a result of the warm Mediterra-
nean outflow water, which contributes to the bottom
water at these MVs.

Fig. 3. Seafloor images (ca. 1 m?) of Capt. Arutyunov (a,b), Hesperides (c) and Faro MV (d). The surface of Capt. Arutyunov, Bonjardim, Ginsburg MV
were found to be covered by pelagic sediments as shown in (a). The holes are burrows of crabs. Some sediment stretches at Capt. Arutyunov MV contained
accretions that are interpreted as clasts (b) indicating past mud flows. Hesperides and Faro mud volcano were littered with carbonate chimneys and crusts
as shown for Hesperides MV in (c). At Faro mud volcano, also a few dark sediment patches probably covered with whitish, giant sulphide-oxidizing

bacteria were observed (d).
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3.2. Captain Arutyunov MV

3.2.1. Methane, Cs4, sulphate and sulphide

Methane concentrations in surface sediments (0-20 cm,
Fig. 4a) were <0.001 mM indicating a complete consump-
tion of methane rising from deeper sediment strata. A dis-
tinct SMT was observed in the lower half of the MUC-core
section (25-40 cm bsf.) with ex situ methane concentrations
above saturation at atmospheric pressure, and sulphate
concentrations dropping below 0.5 mM. The steepest gra-
dients of methane and sulphate found in this zone amount-
ed to 0.4 and —1.12 pmol cm ™, respectively (Fig. 4a, Table
2). Small gas hydrate chips were found throughout the
whole gravity core section from 44 to 235 cm bsf (1941-
1). Similar to methane, concentrations of C,;-compounds
decreased across the SMT (Fig. 4b). Hydrocarbons in the
sediment comprised methane (>99%), ethane (<0.4%), pro-
pane (<0.07%) with trace amounts of butane and isobutene
present indicating a thermogenic origin of these gases
(Nuzzo et al., 2005; Stadnitskaia et al., 2006 and references
therein). Sulphide concentrations peaked in the SMT with
4.8 mM at 39 cm bsf (Fig. 4d). The steepest sulphide gradi-
ent was 0.63 pmol cm™* (Fig. 4d, Table 2). A downward
sulphide gradient could not be determined because highest
sulphide concentrations were observed in the lowest sedi-
ment horizon of the MUC-core at Capt. Arutyunov MV.
Unfortunately, the sulphide profile could not be aligned
with the gravity core section.

3.2.2. AOM, SR rates and diffusive fluxes

AOM and SR rates at Capt. Arutyunov MV were high-
est in the SMT at 39 cm bsf with maximum values of 11
and 25nmol cm > d~!, respectively (Fig. 4c). AOM and
SR rates sharply decreased above and below this horizon.
Replicate AOM and SR rate measurements showed a stan-
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dard error of 33% and 37% of the average value, respective-
ly. The areal integration resulted in 1.8 higher SR rates
compared to AOM (Table 2). The areal AOM and SR rate
were in good agreement with diffusive flux calculations
showing a 1.7-fold higher sulphate flux compared to the
methane flux. The sulphide flux to the surface (upward
flux) was comparable to the total downward flux of sul-
phate (Table 2).

3.2.3. Lipid biomarker

Diagnostic archaeal and bacterial lipid concentrations
were strongly increased in sediments at the SMT (Fig. 4e, g).
Here, stable carbon isotope analysis revealed highest deple-
tion in '*C with minimum values of —92%, (sn2-hydroxyar-
chaeol) in archaeal specific diether lipids and —82%,
(cyCi7.005.6) In bacterial specific FAs (Table 3, Fig. 4f, g)
indicating the incorporation of methane derived carbon
in archaeal and bacterial biomass (sample from 31 cm
bsf). The concentration of both archaeal and bacterial lip-
ids decreased just above and below this sediment horizon.
At the SMT, the ratio of sn2-hydroxyarchaeol relative to
archaeol was 1.6:1 (Table 3). Other diagnostic archacal
isoprenoidal hydrocarbons such as 2,6,11,15-tetramethyl-
hexadecane (crocetane) could not be quantified due to an
unresolved complex mixture of hydrocarbons (UCM) in
all of the hydrocarbon fractions. Similarly, specific archa-
eal diethers and bacterial FAs could not be resolved from
this background below 40 cm sediment depth. The concen-
trations of diagnostic archaeal lipids were roughly one
order of magnitude lower in comparison to specific bacte-
rial FAs.

The FA fraction in sediments at the SMT was dominat-
ed by the FAs Cy4.105 and cyC7.045.6 Which are putatively
specific for SRB involved in AOM (Elvert et al., 2003) and
contained comparably high amounts of the FA Ci7.14¢
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Fig. 4. Captain Arutyunov mud volcano. A distinct SMT, highlighted in grey, was found between 25 and 40 cm bsf (a). At this horizon, concentrations of
higher hydrocarbons also decline (b). Note that AOM and SR rates (c), sulphide concentrations (d), concentrations (e) and stable carbon isotope values of
diagnostic, bacterial fatty acids (f) and concentrations of isoprenoidal diethers (g) all peak at the SMT. (a) and (d) illustrate steepest gradients determined
for methane, sulphate and sulphide (bold lines). Circles represent multiple-corer and triangles gravity corer samples. Errors are given as standard errors.



Mud volcanoes of the Gulf of Cadiz 5345

Table 3

Bacterial fatty acids, archaeal diether and isoprenoidal hydrocarbons
analysed in sediments at the SMT of Captain Arutyunov and Bonjardim
MYV as well as in carbonate crusts from Hesperides and Faro MV

Sediment Carbonate
Acrﬁlt:;ﬁg:)v Bonjardim  Hesperides Faro
Ci4:0 1.3 (-75) 2.0 (-37) 1.1 (-31) 2.3(-93)
i-C15:0 1.0 (-71) 1.0 (-42) 1.0 (-39) 1.0 (-99)
ai-C15:0 1.3(-73)  8.4(-47) 1.5 (-43) 1.9 (-95)
Cis:0 0.6 (-73) 1.4 (nd) 0.3 (-45) 0.4 (-96)
i-Ci6:0 0.2 (-73) nd 0.2 (nd) 0.2 (-87)
Cl6:100 0.7 (-65) nd nd 0.1(-92)
Clé:1a7 0.8(-67)  14.6 (-34) 0.6 (-27) 1.8 (-93)
B | Cisilas 77(-80)  8.4(-49) 0.1 (-41) 0.7 (-96)
Z2| #| Ciso 24(-67)  7.8(21) 4.8(-27) 1.6 (-77)
£ ::: 10 Meci6:0 0.3 (-67) nd nd 1.0 (-94)
| =|iCiro 0.3 (-69) nd 0.3(-32) 0.3 (-96)
1 £|aiciro 0.1 (nd) 1.1 0.5(-38) 0.3 (-99)
S Z| Cmaer 0.9 (-68) 19 0.5 (-31) 0.4 (-93)
2| &| Cinles 1.9 (-74) nd nd 0.1 (nd)
< cyC17:005.6 7.1(-82) nd nd nd
H Ciza nd nd 0.2 (nd) 0.1 (nd)
= Cis:1ao 1.0(27)  64(27) 0.2 (nd) 0.3(-77)
2 Cls:1w7 0.9(-31)  13.7(-31) 0.4 (-37) 1.5 (-84)
E Cig:o 0.2(-25)  3.5(-25) 1.8 (-28) 0.4 (-67)
i
z Archaeol 1.0 (-90) 1.0 (-81) 1.0 (-97) 1.0 (-114)
2 | sn2-hydroxyarchaeol 1.7 (-92) 0.7 (-83) tr 0.2(-111)
=5
; Crocetane / Phytane 0.5 (-47) 3.3 (-110)
£ | PMI0 1.0 (-87) 1.0(-111)
2 [ ZPMI:1 0.3 (nd) 4.6(-113)
< | =pMmI2 nd 8.3 (-113)
EPMI:3 nd 0.3 (-101)
= » | 1-Ci15:0 0.08 0.01 0.1 8.7
£ EE| aiCiso 0.1 0.09 0.15 16.77
L| 22| Csles 0.6 0.09 0.01 6.05
2| 23| Cimos 0.14 nd nd 0.5
H cyC17:005.6 0.56 nd nd nd
E| E | Archacol 0.14 0.4 239 41.58
§ ; sn2-hydroxyarchaeol 0.23 0.3 0.02 8.31
5 _E Crocetane / Phytane 0.23 4.59
E PMI:0 0.44 1.4
5 ANMEL ANMEL
.é En ANME2 Scep&SRBl ANMEL Scep&SRBl
€ 'E Seep-SRB1 ANME2 Seep-SRBI (?) ANME2
= Seep-SRB1 Seep-SRB1

Abundances of fatty acids were normalised to i-Cs.o, archaeal diethers to
archaeol and archaeal isoprenoidal hydrocarbons to PMI:0. Specific lipid
components are highlighted in grey.

(Table 3). Both, Cj6.165 and cyCi7.005,6 Were the most 3¢
depleted FAs. However, all other FAs in the C;4—C; range
carried significantly '*C-depleted isotope signatures as well
with values ranging between —65%, (Cig.109) and —75%,
(Cia:0). Cis-FAs were comparably enriched in '*C with
8'3C-values ranging between —25%, (Cig:0) and —31%,
(Ci3:107) most likely indicating a planktonic origin of these
compounds. Concentrations of mono- and dialkyl glycerol
ethers (MAGEs and DAGEs, respectively), presumably of
bacterial origin (Pancost et al., 2001), were low in all sam-
ples recovered during cruise SO-175. Thus, a detailed anal-
ysis of these compounds was not carried out. However,
sediments at the SMT of Capt. Arutyunov MV comprised
comparably high contents of MAGEs relative to DAGES

with 8'°C-values ranging from —65%, to —859%, (data not
shown). The MAGEs comprised a suite of alkyl moieties,
which is comparable to those of the fatty acids found at
Capt. Arutyunov MV. The suite of fatty acids extracted
from the tubeworms comprised dominant amounts of the
FAs Ci4.147 and Cig.147 and to a lesser degree Ci¢.9 and
Cy5.0 with uniform 8'*C-values of about —40%,, indicating
chemoautotrophic carbon fixation (data not shown). The
alcohol and hydrocarbon fractions were not analysed.

3.2.4. Phylogenetic diversity

An archaeal and a bacterial clone library was construct-
ed to study the 16S rDNA-based microbial diversity in sed-
iments at the SMT of Capt. Arutyunov MV (30-40 cm bsf).
The 16S rDNA archacal clone library consisted of nine
phylogenetic groups (Table 4). Closest relatives of these
groups were found among seep-endemic, uncultured micro-
organisms. The majority of sequences obtained were relat-
ed to the ANME-2 group (59% ANME-2a, 3% ANME-2¢c
of all archaeal sequences) which is known to mediate AOM
(Boetius et al., 2000; Orphan et al., 2002; Knittel et al.,
2005). The second most abundant group (18% of all archa-
eal sequences) was found to belong to the ANME-1 cluster
which is also known to mediate AOM (Hinrichs et al.,
1999; Michaelis et al., 2002; Orphan et al., 2002). The bac-
terial clone library consisted of 10 uncultivated bacterial
lineages. Similar to the archaeal sequences, the next rela-
tives of all bacterial 16S rDNA sequences belonged to
uncultivated organisms that are commonly found at meth-
ane seeps (Knittel et al., 2003; Table 4). The closest rela-
tives of the most abundant cluster of sequences (81%)
belonged to the Seep-SRB1 group which comprises the
bacterial partners of ANME-1 and ANME-2 (Knittel
et al., 2003). Other phylogenetic groups of Bacteria were
represented by single sequences (<2%).

3.3. Bonjardim MV

3.3.1. Methane, C,., sulphate and sulphide

A distinct SMT was observed in the top metre of the
gravity core section with ex situ methane concentrations
above saturation at atmospheric pressure and sulphate
concentrations dropping below 0.2 mM. After aligning
the sulphate profile of the gravity core with the MUC-
core section, the actual depth of the SMT was
determined between 45 and 70 cm bsf (Fig. 5a). Methane
concentrations in surface sediments (0-52 cm sediment
depth) were <0.001 mM indicating a complete consump-
tion of methane in the SMT. As the two core sections
overlapped, concentration gradients were determined
from the gravity core section and also from aligned pro-
files in the overlapping zone (Fig. 5a, d). The steepest
methane and sulphate gradients in the gravity core sec-
tion were determined with 0.09 and —0.76 pmol cm ™,
respectively (Fig. 5a, Table 2). Aligning the gravity core
and MUC-core sections, the steepest sulphate gradient
was —1.67 umol cm~*. Methane concentrations declined
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Table 4
Archaeal and bacterial 16S rDNA clone libraries obtained from sediments of the SMT of Captain Arutyunov MV
Phylogenetic group Clones  Representative clone Next relative Sequence
similarity (%)
Archaea 39
Euryarchaeota ANME-2a 23 CAMV300A948 (DQ004662)  Uncultured cold seep archaeal clone 99
BS-K-H6 (AJ578128)
ANME-2¢ 1 CAMV301A975 (DQ004668)  Uncultured hydrocarbon seep archaeal 99
clone C1_R019 (AF419638)
ANME-1 7 CAMV300A952 (DQ004664)  Uncultured hydrocarbon seep archaeal 99
clone HydCal61 (AJ578089)
Marine benthic group D 1 CAMV300A963 (DQ004667)  Uncultured hydrothermal vent archaeal 98
clone pMC2A203 (AB019737)
Marine benthic group D 1 CAMV300A951 (DQ004663)  Uncultured contaminated aquifer 90
archaeal clone WCHD3-02 (AF050616)
Marine benthic group D 1 CAMV301A980 (DQ004669)  Uncultured hydrothermal vent archaeal 87
clone VC2.1 Arc6 (AF068817)
Unclassified archaea 1 CAMV300A960 (DQ004666)  Uncultured cold seep archaeal clone 98
BS-SR-HS5 (AJ578148)
Unclassified archaea 3 CAMV301A993 (DQ004661)  Uncultured hydrothermal vent archaea 80
clone NT07-CAT-A24 (AB111475)
Crenarchaeota Marine benthic group B 1 CAMV300A958 (DQ004665)  Uncultured archaeal clone BS-K-D4 99
(AJ578124)
Bacteria 47
3 Proteobacteria  Seep-SRBI1 38 CAMV300B922 (DQ004675) Uncultured hydrocarbon seep bacterial 99
clone Hyd89-04 (AJ535240)
Desulfobulbacteraceae 1 CAMYV301B937 (DQ004679) Uncultured Echinocardium cordatum 96
hindgut bacterial clone Del 7 (AY845643)
Desulfobulbaceae 1 CAMV300B921 (DQ004674) Uncultured hydrocarbon seep bacterial 99
clone Hyd89-51 (AJ535252)
v Proteobacteria ~ Stenotrophomonas 1 CAMV301B9%44 (DQ004671) Stenotrophomonas maltophilia 99
(AB008509)
Clostridia Clostridiales 1 CAMYV300B902 (DQ004670) Uncultured bacterial clone 98
DROIIPCB16SCT8 (AY604055)
Spirochaetes Spirochaeta 1 CAMV301B9%41 (DQ004680) Uncultured Spirochaeta sp. (AF424377) 96
Spirochaeta 1 CAMV300B915 (DQ004672) Uncultured spirochete clone TE052 96
(AY605138)
Unclassified bacteria 1 CAMV300B916 (DQ004673) Uncultured hydrocarbon seep bacterial 97
clone Hyd24-12 (AJ535232)
Unclassified bacteria 1 CAMYV301B934 (DQ004678) Uncultured hydrocarbon seep bacterial 93
clone 1B-41 (AY592596)
Unclassified bacteria 1 CAMV300B923 (DQ004676) Uncultured hydrocarbon seep bacterial 98

clone GCA025 (AF154106)

The Archaeal clone library is dominated by sequences belonging to the ANME-2 cluster and the bacterial library by sequences belonging to the Seep-SRB1

cluster.

below the depth at which the two core sections overlap
(Fig. 5a). Hence, no further concentration gradient was
determined. In comparison to Capt. Arutyunov MV,
C,-concentrations were high with values of >0.25 mM
at a sediment depth below 1m (Fig. 5b). Similar to
methane, concentrations of C,,-compounds decreased
across the SMT indicating a consumption of these com-
pounds. Gaseous hydrocarbons comprised methane
(>81%), ethane (<14%), propane (<4.5%) and Xbutane
(<0.4%) indicating a thermogenic origin of these gases
(Stadnitskaia et al., 2006). Sulphide concentrations peak-
ed in the SMT with 5.3 mM at 52.5cm bsf (Fig. 5d). In
the gravity core section, the steepest sulphide gradients

were determined as 0.23 (upward) and —0.07 (downward)
umol cm™*, respectively (Table 2). Aligning the two core
sections, the steepest (upward) sulphide gradient was
determined with 0.73 pmol cm ™.

3.3.2. AOM, SR rates and diffusive fluxes

AOM and SR rates were highest in the SMT at 58 cm
bsf with maximum values of 2.6 and 15.4 nmolcm > d ™!,
respectively (Fig. 5c). Comparably low values of AOM
and SR rates were measured in over- and underlying sedi-
ment horizons. Replicate AOM and SR rate measurements
showed a high standard error of 92% and 85% of the aver-
age value, respectively, possibly indicating a high small
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Fig. 5. Bonjardim mud volcano. A distinct SMT, highlighted in grey, was found between 50 and 70 cm bsf (a). At this horizon, concentrations of higher
hydrocarbons also decline (b). Note that concentrations of C,4-compounds are ~35-fold higher compared to Captain Arutyunov MV. AOM and SR rates
(c), sulphide concentrations (d), concentrations (e) and stable carbon isotope values of diagnostic, bacterial fatty acids (f) and concentrations of
isoprenoidal diethers (g) peak at the SMT. (a) and (d) illustrate steepest gradients determined for methane, sulphate and sulphide (bold lines).
Concentration gradients for sulphate and sulphide were determined from concentration profiles of the gravity core samples as well as from aligned gravity
core and multiple-corer concentration profiles. Circles represent multiple-corer and triangles gravity corer samples. Errors are given as standard errors.

scale variability on a metre scale. The 19-fold higher areal
SR compared to AOM suggests a decoupling of these two
processes (Table 2). Accordingly, the concentration gradi-
ents (determined from unaligned and aligned profiles)
translate to a 5.1-11-fold higher diffusive downward flux
of sulphate compared to the upward flux of methane.
The cumulative sulphide flux (upward and downward)
accounted for 77-92% of the sulphate flux.

3.3.3. Lipid biomarker

A moderate increase of diagnostic archaeal and bacterial
lipid concentrations was observed at the SMT in sediments
of Bonjardim MV (Fig. 5e, g). At this horizon (—57 cm
bsf), stable carbon isotope analysis revealed highest deple-
tions in '*C with minimum values of —839%, (sn2-hydroxy-
archaeol) in archaeal diether lipids and —49%, (Ci¢.105) In
bacterial FAs (Table 3, Fig. 5f, g). At the SMT, the ratio
of sn2-hydroxyarchaeol relative to archacol was 0.7:1 and
therefore lower in comparison to Capt. Arutyunov MV
(Table 3). Similar to Capt. Arutyunov MV, other diagnos-
tic archaeal isoprenoidal hydrocarbons could not be mea-
sured due to a high UCM background. Equally high
amounts of the FAs Cig.145 and ai-Cys.g, both of which
were the most 'C-depleted FAs (Table 3), were detected
in sediments at the SMT. The FA cyCi7.005,6, Which was
abundant at Capt. Arutyunov MV could not be detected
in sediments of Bonjardim MV. Furthermore, dominant
FAs such as Cl6:1037: C16:0, C18:1m9 and C18:1w7 carried
313C-signatures >—349,, indicating that AOM was not
the main energy and carbon delivering process to the
microbial community. In contrast to Capt. Arutyunov
MYV, the concentrations of diagnostic archaeal lipids were
roughly 4-fold higher compared to specific bacterial FAs

(Table 3). A further analysis of the diversity of microbial
organism using 16S rDNA methods was not carried out
at Bonjardim MV.

3.4. Ginsburg MV, Gemini MV and “No Name”

3.4.1. Methane, sulphate and sulphide

The SMT was located in the upper metre of the sediment
cores retrieved from Ginsburg and Gemini MV and at
2-3m bsf at the “No Name” structure, respectively
(Fig. 6a, c, e). Methane concentrations in sediments overly-
ing the SMT at these structures were <0.001 mM, and
reached ex situ concentrations above (Gemini MV and
“No Name”) and just below saturation (1.3 mM, Ginsburg
MYV) below the SMT. Sediments retrieved from Ginsburg
MV had a distinct smell of petroleum below 40 cm bsf.
No depth corrections were made as only gravity cores were
taken from these MVs. The actual depth of the SMTs was
therefore most likely 10-40 cm below the sediment depth
indicated in Fig. 6. In contrast to the observed depletion
of sulphate to concentrations <0.4 mM below the SMT
at Gemini MV and the “No Name” structure, sulphate
concentrations showed a minimum between 30 and 70 cm
and an increase to values >17 mM with depth below
90 cm at Ginsburg MV. The total diffusive sulphate flux
was therefore calculated from both, the upward and the
downward gradients at Ginsburg MV. At Ginsburg MV,
Gemini MV and the “No Name” structure, methane and
downward sulphate gradients ranged from 0.02 to 0.05
and —0.11 to —0.92 pmol cm™*, respectively (Table 2).
The upward sulphate gradient at Ginsburg MV was
0.35 pmol cm™*. Sulphide concentrations peaked in the
SMTs with values between 4.7 and 7.6 mM (Fig. 6b, d, f)
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Fig. 6. The SMT, highlighted in grey, was found in the top most m at Ginsburg (a) and Gemini (c) and between 2 and 3 m at No Name MV (e; note the
different scale chosen for depth). In these horizons, also sulphide concentrations peak (b, d, f). Bold lines illustrate steepest gradients determined for

methane, sulphate and sulphide.

and steepest gradients were determined with values be-
tween 0.04 to 0.32 (upward) and —0.06 to —0.15 (down-
ward) pmol cm~*, respectively (Table 2).

3.4.2. Diffusive fluxes

The diffusive flux calculations from pore water profiles
of Ginsburg MV, Gemini MV and the “No Name” struc-
ture indicate that the diffusive sulphate fluxes exceeded the
methane fluxes (by 15.5-, 18.5- and 2.5-fold, respectively,
according to the calculation). This suggests a decoupling
of AOM and SR at these structures similar to the observa-
tions made at Bonjardim MV (Table 2). The calculated
cumulative (upward + downward) sulphide flux accounted
for 66%, 70% and 146% of the sulphate fluxes at Ginsburg
MV, Gemini MV and the “No Name” structure, respec-
tively. The composition of the microbial community was
not investigated here.

3.5. Lipid biomarkers of carbonate crusts

Exposed carbonate crusts were observed at the mud vol-
canoes Ginsburg, Hesperides and Faro. Additionally, high
amounts of broken carbonate chimneys were found at Hes-
perides and Faro MV. Both crusts and chimney pieces were
absent at Capt. Arutyunov MV, Bonjardim MV and the
“No Name” structure according to our visual inspections.
We could retrieve crust samples from the summits of Hes-
perides and Faro MV for further analyses of the lipid sig-
natures of the crusts.

3.5.1. Hesperides MV

Carbonate crusts of Hesperides MV contained archaeal
and bacterial lipids diagnostic for methanotrophic commu-
nities and processes. Archaeal lipids were strongly depleted
in 8'3C with minimum values of —97%, (archaeol) whereas
bacterial FAs were only moderately depleted with mini-

mum values of —43%, (ai-C;s, Table 3). Only trace
amounts of sn2-hydroxyarchaeol were detected among
the archaeal diethers. Isoprenoidal hydrocarbons were
dominated by 2,6,10,15,19-pentamethylicosane (PMI:0)
and contained comparably low amounts of a crocetane/
2,6,10,14-tetramethylhexadecane (phytane) mixture and
2PMI:1 (comprising 2 isomers). The FA fraction in the
carbonate was dominated by C¢.o followed by Cis.9 with
3'3C-values >—28%, (Table 3). FAs putatively specific for
SRB involved in AOM such as Cig.145, 1-Cy5.9 and ai-
Cis.0 (Elvert et al., 2003; Blumenberg et al., 2004), were
approximately 3-4.8 times lower in concentration com-
pared to C;6.9. However, in contrast to abundant FAs, sta-
ble carbon isotope compositions of i-Cjs.o, ai-Cys.o and
Ci6:105 Showed a moderate depletion in 3C (Table 3).
Moreover, in comparison to specific archaeal lipids, diag-
nostic bacterial FAs were roughly an order of magnitude
lower in concentration.

3.5.2. Faro MV

All archaeal and bacterial lipids found in the carbonate
crust of Faro MV were strongly depleted in '*C (Table 3)
with minimum &'C-values of —114%, (archaeol) in diag-
nostic archaeal diether lipids and —999,, (i-C;s.¢) in specif-
ic bacterial FAs (Table 3). Archaeal diether lipids were
dominated by archaeol and contained comparably low
amounts of sn2-hydroxyarchaeol. Isoprenoidal hydrocar-
bons were dominated by PMI:2 (9 isomers) followed by
PMI:1 (2 isomers) and relatively high amounts of croce-
tane/phytane. Specific FAs showed comparably small dif-
ferences in abundance and &'’C-values (Table 3).
However, ai-C;s., was the most dominant FA with a
roughly 2-fold higher concentration compared to i-Cjs.q
and Cig.10s. The FA cyCi7.00s56 Was not detected. Concen-
trations of specific FAs were comparable to specific
archaeal lipids.
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4. Discussion

4.1. Evidence of methane-driven geochemical and biological
activity at mud volcanoes of the Gulf of Cadiz

Active marine mud volcanoes have been identified as
important escape pathways of hydrocarbon gases and
may even contribute to atmospheric green house gases
(Dimitrov, 2002; Judd et al., 2002; Kopf, 2002; Damm
and Budéus, 2003; Dimitrov, 2003; Sauter et al., 2006).
However, high methane fluxes reaching surface sediments
may support high biomasses of methane-oxidizing microor-
ganisms, and via their sulphide production also thiotrophic,
giant bacteria and other chemosynthetic fauna which form
a filter against gas emission to the hydrosphere (Olu et al.,
1997b; Sahling et al., 2002; Werne et al., 2002; Boetius
and Suess, 2004; Milkov et al., 2004; Cordes et al., 2005).
Furthermore, methane venting is often associated with the
precipitation of authigenic carbonates which sequester
methane derived CO, at the seafloor (Aloisi et al., 2000;
Kopf, 2002; Boetius and Suess, 2004; Hensen et al., 2004).
These carbonates may also serve as paleo-indicators of pre-
viously active phases of quiescent or fossil seeps (Ritger
et al., 1987; Peckmann et al., 1999; Thiel et al., 1999).

The Gulf of Cadiz is characterised by numerous mud
volcanoes (Fig. 1) which have been intensely surveyed since
their discovery in 1999 (Kenyon et al., 2000, 2001; Somoza
et al., 2002; Pinheiro et al., 2003). Among the findings
indicative of high past and present methane seepage are
the occurrence of hydrate-bearing sediments, authigenic
carbonates and seep related biota at several mud volcanoes
(Gardner, 2001; Diaz-Del-Rio et al., 2003; Pinheiro et al.,
2003; Somoza et al., 2003). Yet, the present activity of these
structures in relation to methane emission to the hydro-
sphere remains unknown. The observations during cruise
SO-175 revealed only few traces of methane reaching sur-
face sediment horizons (here referring to the upper decime-
tres bsf reachable by biota) at the centres of the mud
volcanoes Capt. Arutyunov, Bonjardim, Ginsburg and
Hesperides, and the “No Name” structure. No visible fluid
or gas escape to the hydrosphere was detected with video
observations, indicating that the mud volcanoes may be
relatively inactive and that the methane flux may be con-
sumed within subsurface sediment horizons. In contrast,
highly active seep systems such as Hydrate Ridge, the Gulf
of Mexico or Hakon Mosby Mud Volcano show maximal
methane consumption and sulphide production at the sed-
iment surface, and emit methane into the hydrosphere
through focused gas and fluid escape pathways, despite
the high methane and sulphate turnover rates consuming
substantial fractions of the methane flux (Boetius et al.,
2000; Damm and Budéus, 2003; Treude et al., 2003; Joye
et al., 2004; De Beer et al., 2006; Sauter et al., 2006).

The high sulphide fluxes from anaerobic methane con-
sumption at active seeps are utilised by thiotrophic commu-
nities, e.g. mats of giant bacteria like Beggiatoa sp., various
chemosynthetic bivalves like Calyptogena sp., Acharax sp.,

Bathymodiolus sp. and by several siboglinid tubeworm spe-
cies (Sibuet and Olu, 1998). Such communities often colo-
nise large areas at highly active seeps. Furthermore, these
organisms are adapted to different geochemical settings
and can be used as indicators for high methane fluxes and
turnover in surface sediments. Three types of indicator
communities were so far observed at low abundances at
the investigated mud volcanoes. Some small (ca. 20 cm dia-
metre) blackish sediment patches covered with white bacte-
rial mats were observed by towed camera systems at Faro
MYV indicating locally elevated fluxes of sulphide (likely
AOM-derived) reaching the surface of the seafloor
(Fig. 6d). Few specimen of the deep-dwelling thiotrophic bi-
valve Acharax sp. were recovered from Faro MV and previ-
ously from Ginsburg MV (Gardner, 2001). Members of the
family Solemyidae to which Acharax sp. belongs are mostly
deep burrowing and occur in seep habitats with low or mod-
erate methane and sulphide fluxes where they can take up
sulphide through their foot from subsurface accumulations
(Sibuet and Olu, 1998; Sahling et al., 2002; Treude et al.,
2003). At Hydrate Ridge for instance, Acharax sp. mines
subsurface sediments for sulphide pockets below 15 cm sed-
iment depth (Sahling et al., 2002). As a third indicator spe-
cies, tubeworms were recovered from Capt. Arutyunov and
previously observed at Bonjardim MV (Pinheiro et al.,
2003). As adult animals, these worms are lacking a mouth,
gut and anus and are hence depending on energy and car-
bon sources provided by symbiotic, thiotrophic or methan-
otrophic bacteria (Southward et al., 1981; Dando et al.,
1994; Gebruk et al., 2003; Southward et al., 2005). At Capt.
Arutyunov MV, the moderate '*C-depletion of worm-de-
rived membrane lipids (ca. —409,,) indicates a thiotrophic
or mixed methanotrophic/thiotrophic feeding mode of the
tubeworm symbionts. This is concluded on the basis of
the 8'3C-value of —489%, of the source methane (Nuzzo
et al., 2005). Aerobic methanotrophic bacteria are charac-
terised by a considerable depletion in the '*C-content of
membrane lipids in comparison to source methane (Hanson
and Hanson, 1996), which was not reflected in the tube-
worm isotope signature.

4.2. Hotspots of hydrocarbon turnover at the mud volcanoes
of the Gulf of Cadiz

The observed patterns of seep related biota is in good
agreement with the observed geochemical gradients. All
mud volcanoes investigated here showed a complete
depletion of methane and sulphate within the subsurface
SMT. At Capt. Arutyunov and Bonjardim MYV, the
SMT was positioned at 25-40cm and 45-70 cm bsf,
respectively (Figs. 4, 5a), and reflected in elevated AOM
and SR rates within this zone. Generally, integrated rate
measurements were comparable to the diffusive fluxes at
Capt. Arutyunov and Bonjardim MV (Table 3). Also,
concentration measurements of methane and sulphate
and the resulting estimates of diffusive methane and
sulphate fluxes at Ginsburg MV, Gemini MV and the
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“No Name” structure indicate that sulphate-dependent
AOM is a widespread microbial process in the centres
of the mud volcanoes of the Gulf of Cadiz. However, as
we cannot exclude a potential advective transport compo-
nent in sediments of the surveyed mud volcanoes and due
to shortcomings in the vertical resolution of pore water
profiles, the estimates of fluxes presented here should be
considered with caution.

With respect to methane fluxes and microbial turnover
rates at the time of our investigation, Capt. Arutyunov
MYV was the most active of the investigated structures fol-
lowed by Bonjardim, Ginsburg and Gemini MV, while
“No Name” was the least active structure (Table 2). Fur-
thermore, highest turnover rates and fluxes coincided with
the shallowest SMT comparing all investigated MVs.
Hence, compared to other marine gas seeps and methane-
rich environments, the Gulf of Cadiz MVs investigated
here showed a low or medium range in methane turnover
rates, reflecting the relatively low methane fluxes. At the
Namibian continental slope, the north western Black Sea
and Chilean shelf and the western Argentinean basin for in-
stance, the SMT is located several metres bsf and methane
fluxes are low with values usually <55 mmol m 2 year ™!
(Niewohner et al., 1998; Jorgensen et al., 2001; Hensen
et al., 2003; Treude et al., 2005). These values are compara-
ble to Ginsburg and Gemini MV as well as to the “No
Name” structure. The AOM activity and diffusive methane
fluxes at Capt. Arutyunov and Bonjardim MV were sub-
stantially higher than those at Ginsburg MV, Gemini
MYV and the “No Name” structure. However, areal rates
and diffusive fluxes at Capt. Arutyunov and Bonjardim
MYV are still two orders of magnitude lower in comparison
to other cold seeps, which bear gas hydrates at their stabil-
ity limit such as Hakon Mosby Mud Volcano, Hydrate
Ridge and the Gulf of Mexico. In such environments with
active fluid flow (>100 cm year™!) and gas emission via
ebullition, methane fluxes were estimated with values
>8.5mol m 2 year ' (Torres et al., 2002; Luff and Wall-
mann, 2003; De Beer et al., 2006) and AOM reached values
>4 molm 2 year !, i.e. >0.5 pmol cm > d ™! (Treude et al.,
2003; Joye et al., 2004).

In vitro experiments with sediment slurries and ex situ
tracer injection assays have previously shown that AOM
and SR are in a 1:1 molar stoichiometry if methane is the
sole carbon source (Nauhaus et al., 2002; Treude et al.,
2003). In spite of the putative loss of methane during sub-
sampling, the deviation from the 1:1 stoichiometry between
AOM and SR as well as between the sulphate and methane
fluxes (Table 2) indicates the presence of electron donors
other than methane for SR at the investigated MVs. SRR
were always highest at the depth of the SMT but just above
detection limit in the overlying sediments of Capt. Arutyu-
nov and Bonjardim MV (Figs. 4, 5c). Hence, a substantial
contribution to SR by pelagic organic matter input can be
ruled out. However, our data provide evidence for the pres-
ence of other hydrocarbons beside methane in the subsur-
face sediments of several mud volcanoes. Sulphate

reducing bacteria can use a variety of short and long chain
alkanes and complex aliphatic and aromatic compounds
(Rueter et al., 1994; Widdel and Rabus, 2001). At Capt.
Arutyunov and Bonjardim MV the presence of complex
hydrocarbons is indicated by the strong unresolved com-
plex mixture (UCM) of hydrocarbons in sediment samples
from the SMT and deeper sediment horizons. Further-
more, C,—C4 compounds declined at the depth of the
SMT (Figs. 4, 5b), indicating their consumption in this
zone. At Bonjardim MV, the deviation between AOM
and SR was higher compared to Capt. Arutyunov MV
coinciding with higher concentrations of C,; compounds.
Furthermore, Mazurenko et al. (2002) observed a compo-
sition of hydrocarbon gases at Ginsburg MV similar to
those detected at Bonjardim MV. Nuzzo et al. (2005) and
Stadnitskaia et al. (2006) showed that methane is common-
ly of a thermogenic origin at mud volcanoes in the Gulf of
Cadiz. Hence, SR fuelled by higher hydrocarbons could be
an important microbial process in the MV sediments of the
Gulf of Cadiz in addition to methane oxidation. Similar re-
sults were obtained in a study of cold seeps of the Gulf of
Mexico where SR rates exceed AOM rates up to 10-fold,
fuelled by a variety of hydrocarbons and petroleum in
the sediments (Joye et al., 2004).

In conclusion, our biogeochemical measurements as well
as biological and geological observations indicate that ele-
vated methane fluxes are associated with the centres of the
MVs studied during cruise SO-175. However, at the inves-
tigated sites, all methane was consumed anaerobically in
subsurface sediments and we could not observe any emis-
sion of methane to the hydrosphere. However, there is evi-
dence for extensive fluid and/or gas escape in the past as
indicated by the widespread occurrence of massive carbon-
ate chimneys and crusts (Diaz-Del-Rio et al., 2003; Somoza
et al., 2003) of which at least the latter bear AOM signals.
Another geological evidence for temporally varying activi-
ties of mud volcanism in the Gulf of Cadiz are the typical
“Christmas tree” structures observed on high-resolution
seismic profiles (Somoza et al., 2002, 2003). Such patterns
are probably caused by eruptive events followed by phases
of dormancy. This so-called multiphase activity is a com-
mon behaviour in many terrestrial mud volcanoes (e.g.
Lokbatan MV; Aliyev et al., 2002; Kholodov, 2002; Dim-
itrov, 2003). It is therefore possible that mud volcanism
in the Gulf of Cadiz is in a transient state of low activity
at present.

4.3. Identity of methane oxidising communities in sediments
and carbonate crusts

Fingerprinting of diagnostic lipids is a common tool for
the chemotaxonomic identification of microorganisms
(Madigan et al., 2000; Boschker and Middelburg, 2002).
This approach has been used extensively to examine anaer-
obic methanotrophic organisms, because the carbon iso-
tope fractionation associated with AOM leads to specific,
very depleted 8'*C-signatures of lipid biomarkers (Hinrichs
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et al., 1999; Elvert et al., 2001; Blumenberg et al., 2004).
The dominance of bacterial and archaeal lipids with low
3'3C-values in sediments and carbonates indicate that
AOM is a major biomass-generating process at the investi-
gated MVs. Differences in the abundances of specific archa-
eal isoprenoidal diethers, hydrocarbons and bacterial FAs,
as well as varying A3'*C-values of these lipids (compared
to source methane) indicate that several phylogenetic
groups of methanotrophic communities mediate AOM in
the Gulf of Cadiz. Elevated concentrations and associated
low 3'*C-signatures of specific archaeal and bacterial mem-
brane lipids corresponded with elevated AOM and SR
rates in sediments of the SMT at Capt. Arutyunov and
Bonjardim MV (Figs. 4, Se-g, Table 3). In combination
with 16S rDNA analysis, the biomarker patterns give evi-
dence that AOM is mediated by a microbial community
consisting of methanotrophic archaca and SRB phyloge-
netically related to those which were previously found at
other methane seeps (Boetius et al., 2000; Michaelis
et al., 2002; Orphan et al., 2002; Teske et al., 2002; Nie-
mann et al., 2005). Furthermore, the presence of a similar
suite of '*C-depleted lipids in abundant authigenic carbon-
ates recovered from Hesperides and Faro MV (Table 3)
indicates higher activities and a more widespread microbial
methane turnover in the past.

4.3.1. Methanotrophic archaea

Previous publications revealed dominant amounts of
sn2-hydroxarchaeol relative to archaeol in ANME-2 dom-
inated habitats, whereas the reverse was observed in
ANME-1 dominated systems (Blumenberg et al., 2004; El-
vert et al., 2005; Niemann et al., 2005). Moreover, ANME-
2 communities were found to comprise high contents of
crocetane, whereas it seems to be present at low concentra-
tions in ANME-1 (Elvert et al., 1999; Boetius et al., 2000;
Blumenberg et al., 2004). Stable carbon isotope fractiona-
tions were found to be higher in ANME-2 compared to
ANME-1 dominated habitats (Orphan et al., 2002) with
A3"3C-values (archaeol relative to the source methane)
ranging between 34 to 53%, and 11 to 379, respectively
(Hinrichs et al., 1999; Boetius et al., 2000; Elvert et al.,
2001; Orphan et al., 2002; Teske et al., 2002; Blumenberg
et al., 2004; Niemann et al., 2005).

In the Gulf of Cadiz, a high sn2-hydroxyarchaeol to
archaeol ratio of 1.7:1 was detected at Capt. Arutyunov
MYV indicating that this system is dominated by ANME-2
archaea (Blumenberg et al., 2004; Elvert et al., 2005).
Accordingly, a high A3'*C-value of 429, of archaeol com-
pared to the source methane (—489,, Nuzzo et al., 2005)
was observed. Furthermore, the dominance of ANME-2
compared to ANME-1 sequences in the clone library from
Capt. Arutyunov MV suggests a dominance of ANME-2 in
this SMT. However, the SMT of Capt. Arutyunov MV also
contained other typical seep associated 16S rDNA
sequences, including crenarcheota of the Marine Benthic
Group B, which are often found at methane seeps, but
whose function remains unknown (Knittel et al., 2005).

At Bonjardim MV, a lower sn2-hydroxyarchaeol to archae-
ol ratio of 0.7:1 combined with lower A8'3C-values be-
tween the biomarkers (e.g. archaeol, 31.59,) relative to
the source methane (—49.5 to —519%,, Nuzzo et al., 2005;
Stadnitskaia et al., 20006) lie between published values from
systems dominated by either ANME-1 or ANME-2 (Blu-
menberg et al., 2004; Elvert et al., 2005; Niemann et al.,
2005). This suggests a mixed ANME community in these
sediments. Similar characteristics have been observed in
carbonate crusts at Faro MV. At this mud volcano, sub-
stantial amounts of '*C-depleted crocetane were detected
giving additional indications for an involvement of
ANME-2 in AOM at the time of carbonate precipitation.
At Hesperides MV, only trace amounts of sn2-hydroxyar-
chaeol were detected, and thus indicate the dominance of
ANME-1 communities. No distinct environmental prefer-
ences have been found for either group, most likely because
the taxonomic level investigated comprises a relatively
large diversity of microorganisms.

4.3.2. Sulphate reducing bacteria

At many different cold seep settings, ANME-1 and
ANME-2 archaea have been found in consortium with
SRB of the Seep-SRB1 cluster belonging to the Desulfosar-
cina/ Desulfococcus group (Knittel et al., 2003). However,
this cluster apparently comprises physiologically different
ecotypes that are distinguished by very specific FA patterns
according to their association to either ANME-1 or to
ANME-2 (Elvert et al., 2003; Blumenberg et al., 2004).
FA signatures in environmental systems dominated by
ANME-1/Seep-SRBI1 communities comprise high contents
of ai-Cys. relative to i-C;s.o (Blumenberg et al., 2004; El-
vert et al., 2005), whereas systems dominated by ANME-
2/Seep-SRB1 communities comprise the unusual FA
cyCi7.105.6 and dominant contents of Cye.145 but almost
balanced ratios of ai-C;s.q relative to i-C;s.o (Elvert et al.,
2003; Blumenberg et al., 2004).

The dominance of the unusual FAs Cig.1,5 and
cyCi7.105.6 and an almost equal ratio of the iso- and ante-
iso-branched Cis.0 FAs in sediments of the SMT at Capt.
Arutyunov MV are in very good agreement with the archa-
eal lipid data and published lipid signatures of the Seep-
SRBI1 ecotype associated with ANME-2. This finding is
also in accordance with the predominance of Seep-SRBI
sequences in the bacterial clone library. As expected from
the detection of potentially diverse ANME communities
at Bonjardim MV, the FA signature shows characteristics
of both SRB ecotypes previously identified as bacterial
partners in AOM. The high ratio of ai-C;s.o compared to
1-Cys.9 (8.4:1) is indicative for the Seep-SRBI1 ecotype asso-
ciated with ANME-1 while the high abundance of Cg.105
indicates the ecotype associated with ANME-2. This find-
ing is similar to results obtained from a carbonate crust
at Faro MV where a comparable fatty acid pattern has
been detected. At Bonjardim MV, however, several FAs
carry 8'°C-signatures that are comparable to the source
methane and do not show any fractionation. This suggests
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a contribution to carbon biomass from processes other
than methane consumption. A similar mixture of carbon
sources to biomass could also explain the unspecific signa-
ture of FAs in the carbonate of Hesperides MV.

Another striking difference is the comparably high lipid
concentration in the carbonate recovered from Faro com-
pared to that recovered from Hesperides MV. A rather re-
cent formation of the sampled carbonate from Faro MV
appears likely, as these were stained black from sulphide
and recovered together with some living specimens of the
chemosynthetic bivalve Acharax sp. A possible explanation
for the difference in AOM-derived lipid contents could be
that the sampled carbonate crust from Hesperides is older
than that recovered from Faro MV and has been exposed
to oxic sea water and lipid diagenesis for a longer time
which is indicated by the dominant abundance of saturated
FAs relative to unsaturated FAs. This may also explain the
dominance of PMI’s with higher degrees of saturation at
Hesperides compared to Faro MV assuming that the diage-
netic alteration of unsaturated isoprenoid hydrocarbons is
similar to that of FAs.

5. Conclusions

At the centres of the mud volcanoes Captain Arutyu-
nov, Bonjardim, Ginsburg, Gemini and Faro as well as
at the “No Name” structure, several indications for a slow
upward fluid and gas flux were found. Our data suggest a
complete consumption of methane and higher hydrocar-
bons in the sediments of the studied mud volcanoes at
depths of 20-300 cm below seafloor. We found no indica-
tion of hydrocarbons reaching near surface sediments or
the hydrosphere except from the visual observation of
small patches of reduced sediments covered by giant sul-
phide-oxidizing bacteria indicating localised near-surface
AOM activities. However, with respect to the limited ex-
tend of video surveys and sediment sampling in this study,
a potential seepage of hydrocarbons into the water column
can not be ruled out. The overlap of methane and sulphate
depletion with sulphide production shows that methane
oxidation processes are mediated microbially under anaer-
obic conditions. Correspondingly, AOM and SR rates
show a peak in a distinct, narrow SMT in the subsurface
sediments of the mud volcano centres. Highest turnover
rates and fluxes coincided with the shallowest SMT depths
with Capt. Arutyunov MV as the most active system in the
study area, followed by the mud volcanoes Bonjardim,
Ginsburg and Gemini, and finally the “No Name” struc-
ture. In comparison to other gas seeps, methane fluxes
and turnover rates are low to mid range in the Gulf of Ca-
diz. In addition to AOM, the anaerobic oxidation of higher
hydrocarbons could be an important process fuelling SR.
Lipid biomarker patterns and 16S rDNA clone sequences
from the sediments and carbonates of the AOM hotspots
provide evidence that both of the previously described
ANME-1/Seep-SRB1 and ANME-2/Seep-SRB1 communi-
ties mediate AOM at mud volcanoes in the Gulf of Cadiz.

The finding of their lipid signatures in carbonate crusts at
the centres of the investigated mud volcanoes indicates that
at least some of the vast amounts of carbonates littering
mud volcanoes and diapiric ridges in the northern part of
the Gulf of Cadiz are linked to methane seepage.
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